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Abstract 
Dual Phase steels (DP) offer an attractive combination of formability and high strength, being widely used in structural 
parts for automotive industry. The microstructure of these steels consists in a ferritic matrix with a variable fraction of a 
martensitic phase of high hardness. In many applications DP steels must be welded; therefore the study of its weldability 
is a topic of great technological interest. The welded joints of these steels have tipically a performance between 0.60 and 
0.90 in terms of tensile strength, due to martensite tempering in the heat affected zone (HAZ). There are few systematic 
studies on the influence of welding procedure on the microstructural evolution and mechanical properties of DP steels. 
Plasma Arc Welding (PAW) is a high power density and relatively low cost process, excellent for welding thin metals. 
The aim of this study is analyse the influence of PAW welding procedure on the microstructural evolution and mechanical 
properties behaviour of DP steel welded joints. For this purpose, DP700 steel sheets were welded with different heat input 
(HI). Macro and microstructure were characterized and Vickers microhardness profiles were determined, as well as Olsen 
cup and tensile tests. Tensile efficiency of the joints was between 0.72 and 0.79 and between 0.70 and 0.95 for the 
formability test. Increasing heat input increases the size of the subcritical zone; however, the mechanical properties are not 
significantly affected. 
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1. Introduction 
Increasing concern of environmental safety and reduction of fuel consumption motivate car manufacturers 
to use lightweight materials having higher tensile strength coupled with better ductility. The Advanced High 
Strength Steels (AHSS) have captured the attention in this field (Committee on Automotive Applications, 
2005). Among them, Dual Phase (DP) steels offer an attractive combination of increased formability and high 
strength, which reduces the thickness without sacrificing ability to absorb energy in an impact. 
The microstructure of DP steel consists of a soft and ductile ferritic matrix, which is strengthened by hard 
martensitic phase islands. The soft ferritic phase is usually continuous, giving to these steels excellent 
ductility. When these steels are deformed, the deformation is mainly concentrated in the ferritic phase, which 
surrounds the islands of martensite, achieving a high rate of strain hardening (Rashid, 1979). The mechanical 
properties of Dual Phase steels are closely related to the fraction of martensite that they have. As the 
martensite fraction increases, so does the hardness and strength of steel, while the elongation and formability 
are reduced. These steels are used in the manufacture of custom products and then can be joined by different 
welding processes, such as studs in car structures (tailor-welded blanks), pipes, etc. 
Conventional arc welding processes, such as GMAW or PAW, as well as laser welding (LW), resistance 
spot welding (RSW) or hybrid processes are used to weld these materials. The properties of these welded 
joints are determined by the characteristics of the heat affected zone (HAZ). During welding, the heat 
generated by the electric arc produces thermal cycles that generate the formation of the HAZ. This zone 
controls the final properties of DP steels. In this sense, the heat input (HI) generally has a strong influence on 
the welding metallurgy. For DP steels, the welded joint has generally lower strength in comparison with the 
base metal due to the formation of soft regions in the HAZ (Svoboda et al., 2011). 
PAW is a welding method of high power density in comparison with conventional welding processes. This 
high power density, makes this process comparable to laser welding (LW), but with a significantly lower cost. 
The electric arc in PAW is collimated by the action of a calibrated orifice in the gas nozzle and expands only 
slightly reaching a greater arc length (Reis and Scotti, 2007). One of the great advantages of PAW process is 
that it does not need filler metal, for a larger number of cases than GTAW. It also shows a higher tolerance in 
the variation of the distance plate torch and greater thermal efficiency of fusion welds compared with LW. 
Therefore welded joints of lower volume, lower levels of residual stress or distortion and reduced HAZs can 
be achieved. The disadvantages of PAW are the higher cost of the torch and the supplies and other equipment 
required (Kou, 2003). The collimated arc requires closer tolerances in the joint gap to be welded. It also 
presents a greater number of variables which needs more knowledge to achieve right welded joints (Reis and 
Scotti, 2007). Thus, the PAW process is presented as an interesting alternative due to the higher power 
density, producing smaller joints with less thermal effect on base material. Nevertheless, there is scarce 
information about the effect of welding procedure on microstructural evolution and mechanical properties, 
particularly related to DP welding joints. The aim of this paper is to study the influence of the PAW procedure 
on the microstructural and mechanical properties evolution of the welded joint of a thin sheet DP steels. 
 
Nomenclature 
DP Dual Phase Steel 
PAW  Plasma Arc Welding 
HI Heat Input 
HI* Modified Heat Input 
HAZ Heat Affected Zone 
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IH Hardness Index 
IT Strength Index 
IE Elongation Index 
IF Formability Index 
2. Experimental Procedure 
In order to achieve the proposed objectives, an experimental dual phase steel sheet of 1.3 mm thickness 
and 700MPa of nominal ultimate tensile strength (DP700) was used. The chemical composition of the base 
material was determined by optical emission spectrometry (OES) and the microstructure obtained was 
characterized by determining the phases present, by light microscopy (LM). Vickers microhardness (HV) was 
measured according to standard ASTM E-384 and the tensile properties were determined according to ASTM 
E-8M. Formability was evaluated by Olsen Cup test according to ASMT E-643 standard. 
Subsequently DP700 steel samples of 50x100 mm were welded by plasma arc welding (PAW), using 
different process variables. The welding parameters were defined in order to get a defect-free joint with full 
penetration. The source used was a Plasma Arc TBA 100. The welding was performed automatically by a 
Miggytrac ESAB 1001. Figure 1 shows the power source and devices used for welding.  
 
a  b   c  
Fig.1. (a) PAW source; (b) welding facilities; (c) specimen mounted.  
The diameter of the orifice of the nozzle was 1.25 mm, the diameter of the electrode was 2.4 mm, the torch 
angle of work was 110°, the electrode angle 50º and the shielding gas flow was 20 l/min. An aluminum plate 
backing of 5 mm of thickness was used. The shielding gas was a mixture of Argon-5% Hydrogen, and the 
plasma gas employed was Argon. Table 1 shows the welding parameters analyzed.  
The traditional equation of the HI (AWS, 2001) only takes into account the welding voltage, the welding 
current and the welding speed. However, in the PAW, the plasma gas flow has an important influence on the 
actual heat input, therefore, the corrected heat input (HI*) is used (Piccini, 2011). Nominal HI was between 
110 and 233 J / mm and HI*, considering the thermal performance and the effect of the plasma gas flow, 
ranged between 43 and 115 J / mm. It can be noted that the HI and HI* are very low in comparison with 
another welding processes. 
From the welded specimens, samples were taken for macro and microstructural characterization. 
Metallographic sections were performed on macroscopic examination of all welds through a deep field 
stereoscopic microscope. The existence of defects in the joints, its geometry and all general aspects of the 
welds were analyzed. Also, the size of the different zones of the welded bead: the weld metal (WM) and heat 
affected zone (HAZ) on the midline of the plate thickness we determined by optical microscopy.  
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Table 1. Welding Parameters 
Specimen V (mm/s) I (A) E (V) Dp-p (mm) Qpl (l/min) Epos (mm),  HI (J/mm) HI*(J/mm) 
6-50-0.6  6 50 28 3.5 0.6 3 233 95 
6-50-0.8        6 50 27 3.5 0.8 2 225 115 
6-40-0.6 6 40 21 2.5 0.6 1 140 57 
7-50-0.8 7 50 27 3,5 0.8 2 193 99 
7-40-1 7 40 23 3 1 1 131 75 
8-50-0.6 8 50 28 3.5 0.6 3 175 72 
8-60-0.6 8 60 26 3,5 0.6 2 195 80 
8-40-1 8 40 23 3 1 1 115 66 
8-40-0.8 8 40 22 3 0.8 1 110 56 
9-50-0.8 9 50 31 3.5 0.8 3 172 88 
9-50-1 9 50 28 3.5 1 2 156 89 
9-60-0.6 9 60 26 3.5 0.6 2 173 71 
9-60-0.8 9 60 26 3.5 0.8 2 187 95 
10-50-0.5 10 50 36 3.5 0.5 3 180 62 
10-50-0.8 10 50 31 3.5 0.8 3 155 79 
10-70-0.6 10 70 26 3.5 0.6 1 182 74 
10-70-0.8 10 70 28 3.5 0.8 1 196 100 
11-50-0.5 11 50 36 3.5 0.5 3 164 56 
11-60-1 11 60 29 3.5 1 2 158 91 
11-70-0.6 11 70 27 3.5 0.6 1 172 70 
11-70-0.8 11 70 27 3.5 0.8 1 172 88 
13-50-0.6 13 50 37 3.5 0.6 3 142 58 
13-70-0.6 13 70 26 3.5 0.6 1 140 57 
13-70-0.8 13 70 27 3.5 0.8 1 145 74 
13-70-1 13 70 29 3.5 1 1 156 90 
V: welding velocity, I: current intensity, E: arc voltage, Dp-p: nozzle-work piece distance, Qpl: plasma gas flow, Epos: Electrode 
position, HI: heat input, HI*: corrected heat input 
 
Vickers microhardness profiles (HV 1kg) were measured and the average hardness of each zone was 
calculated. The end of the HAZ was defined as the area where it reaches the base material hardness. 
Tensile tests were performed transverse to the welding direction, determining the tensile strength, 
elongation at failure and location of the fracture. Finally, Olsen Cup tests were made for each condition, 
determining fracture mode and cup height in each case. 
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3. Results and Discussion 
Table 2 shows the results of the DP700 steel chemical composition analysis, expressed in weight percent 
(wt%). 
Table 2. Chemical Composition DP700 steel 
 
 C% Mn% P% S% Si% Cr% Ni% Mo% Cu% Al% Ti% V% Nb% 
DP700 0.07 0.94 0.01 0.01 0.03 0.03 <0.01 0.02 0.01 <0.01 0.03 0.02 <0.01 
 
The chemical composition includes microalloying elements (Ti and Nb) with low contents of C and Si and 
about 1% Mn. The microstructure consists on equiaxed grains of ferrite and martensite in a fraction of about 
50%, as shown in figures 2a and 2b. The mechanical properties determined in a tensile test of the base 
0, 2 uts = 721 MPa and A = 18%. These values are consistent with the chemical 
composition and the microstructure shown (Lorusso, 2009). Vickers microhardness, determined as the 
average of five measurements, was 250 HV.  
 
a.    b.  
Fig.2. Microstructure of the DP700 (a ) optical image; (b) SEM image 
 
Figure 3 shows the macrostructure of cross sections extracted of welded samples under different 
parameters. 
 
c  d  
Fig.3. Macrostructure of   welded samples: (a) 9-60-0,8; (b) 10-70-0,6 
 
Welding specimens show the absence of welding defects and a full penetration as well as an excellent 
superficial appearance. The fusion zone and the HAZ are small.  
Figure 4 shows microstructures obtained at the different zones of a welded sample, observed on a cross 
section that were identified as: Welded Metal (WM), Coarse Grained Zone (CGZ), Refine Grained Zone 
(RGZ) and Base Metal (BM). These zones are the common ones observed in every type of fusion welding 
(Kou, 2003). Nevertheless, other relevant zones were observed such as the Sub Criticical Zone (SCZ) and the 
Tempered Base Metal (TBM). The SCZ and the TBM are zones that did not exceed the AC1 temperature, 
however, considering that the base material has a fraction of martensite, in this zones there is a tempering 
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effect. The difference between the TBM and the SCZ is that the last one reaches a higher temperature than the 
TBM (approx. 700°C). Therefore, the ZSC shows a microstructure of ferrite with carbides. In this area the 
hardness reaches its minimum value which defines the strength of the welded joint (Farabi et al., 2010). 
 
a.   b.   
c.   d.  
 
Fig.4. Microstructural evolution of 6-40-0.6 welded joint: (a) TBM; (b); SCZ; (c) GRZ; (d) GCZ 
 
Fig. 4a shows in the TBM zone, the presence of ferrite and tempered martensite. In fig. 4b only ferrite and 
carbides, with a ferritic grain size slightly higher than in TBM are observed. A refined grain zone (RGZ) is 
observed in fig.4c with a finer ferritic grain size. Fig. 4d shows ferrite with second phases, typical of CGZ. 
Figure 5 shows a microhardness profile representative of different welded plates.  
 
 
Fig.5. Microhardness profile of specimen 8-40-1 
 
56   J. Piccini and H. Svoboda /  Procedia Materials Science  1 ( 2012 )  50 – 57 
In all cases it was observed that hardness decreases from the WM to the base metal, reaching the minimum 
value (190 HV) in the transition between the RGZ and SCZ, and then it increases to the base metal hardness, 
in agreement with previous reports (Hernández et al., 2010). This hardness evolution is related with the 
microstructure observed in fig.4b, consisting in ferrite and carbides, due to the martensite tempering. 




Fig. 6. Evolution of the HAZ size with HI*  
 
For low HI* values (55-80 J/mm), the HAZ size increases with HI* up to a maximum, which is reached 
around 80 J/mm. Then, HAZ size decreases in the range of 80-100 J/mm. This trend could be related with the 
thermal pinch effect. This effect is related to the reduction of the arc diameter with the plasma gas flow (Reis 
and Scotti, 2007). Therefore, despite the heat input increases with the increase of plasma gas flow, also the 
energy density goes up, making the HAZ smaller.  
 In order to evaluate the mechanical properties of different welding joints, several indexes, consisting in the 
relationship between de property measured in the base metal and that measured in the welding joint. This was 
done for hardness (IH = Hmin / HBM), for ultimate tensile strength, for elongation, and for formability test. 
Figure 7 shows the evolution of the hardness index (IH), the tensile strength index (IT), the formability index 
(IF) and the elongation at failure index (IE) with the HI*.  
 
 
Fig.7. Hardness index (IH), tensile strength index (IT), formability index (IF) and the elongation at failure index (IE) Vs. the HI* 
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The welded joint performance, in terms of hardness IH was between 0.72 and 0.82. The minimum value of 
hardness reached is defined by the local properties of the SCZ. IT was between 0.72 and 0.79 while the EI 
was between 0.81 and 0.96. The IF, which shows the decrease of the cup height of a welded joint in 
comparison with the cup height of the base metal, was between 0.70 and 0.95. There seems to be an 
independency of the indexes with HI*. The best combination of results was obtained for 60J/mm.  
While the HI is raised, the size of the SCZ changes, however, the value of the mechanical properties is not 
modified. This fact, allows increasing the heat input to achieve welded joints free from defects and with full 
penetration, without decreasing the mechanical properties. 
 
4. Conclusions 
Welded joints of DP700 steel were obtained with nominal heat input in the range of 110 to 235 J/mm using 
PAW process, obtaining full penetration defects-free joints. The indexes that characterize the joint 
performance were high, around 0.8, and they were found to be nearly independent from the corrected heat 
input. The best results were reached with 60J/mm. The lower value of the mechanical properties is defined by 
the properties of the SCZ, which is composed by ferrite and carbides. The failure in a tensile test takes place 
at the SCZ, in accordance with de lower hardness values. The size of the HAZ increases with corrected heat 
input, up to reaching a maximum at 80 J/mm; then for higher HI*, it is reduced. This could be related with the 
thermal pinch effect. The PAW process is shown to be an excellent choice for the welding of DP700 steel 
because thanks to its higher energy density, the HAZ becomes smaller without changing the mechanical 
properties.  
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